Abstract: Strain hardening and multiple cracking behavior of hybrid fiber reinforced cement composites containing different hybrid combinations of steel and polyethylene (PE) fibers under four-point bending are reported. The total volume fraction of fibers was kept constant at 2.5% to maintain a workable mix. Effects of increase in fly ash content as partial replacement of cement beyond 50%, such as 60% and 70% on the flexural response of hybrid steel-PVA (Polyvinyl Alcohol) and steel-PE fiber composites are also evaluated here. Among composites with different volume ratios of steel and PE fibers, the composite with 1.0% steel and 1.5% PE was found to show the highest flexural strength and that with 0.5% steel and 2.0% PE exhibited highest deflection and highest flexural toughness. Generally, the steel-PE hybrid composites exhibited lower flexural strength but higher deflection capacity than steel-PVA hybrid composites. The rate of strength loss after peak load in steel-PE hybrid composites was found low compared to steel-PVA hybrid system. The 50% replacement of cement by fly ash is found to be an optimum fly ash content in hybrid fiber composites. In this study, efforts are being focused on the development of FRCC with strain hardening and multiple cracking behavior in bending using hybrid combinations of steel-PE (polyethylene) fibers containing 50% fly ash as partial replacement of cement. The effects of increase in fly ash contents (such as 60% and 70%) on the strain hardening behavior of hybrid steel-PE and steel-PVA fiber composites are also evaluated. 4
Introduction
High performance fiber reinforced cementitious composites (FRCC)_exhibiting strain hardening and multiple cracking behavior have been developed. Past research works indicate that strain hardening was mostly achieved in FRCC with high cement content in the matrix such as cement paste and cement mortar [1] [2] [3] [4] [5] . The inherent requirement of high cement content in these composites is not only cost prohibitive, but also inconsistent with recent trends in environmental awareness calling for limited cement contents in cementitious materials. Therefore, it is important to develop strain hardening FRCC incorporating cement-replacing materials such as fly ash. The paper by Malhotra [6] clearly explains the role of supplementary cementitious materials in reducing green house gas emissions.
Hybrid fiber FRCC exhibiting strain hardening and multiple cracking behavior have also been developed recently [7, 8] . In hybrid fiber composites, two or more different types of fibers are suitably combined to exploit their unique properties. The hybridization of fibers in FRCC can be done in different ways, such as by combining different lengths, modulus and tensile strengths of fibers. Large macro fibers bridge the big cracks and provide toughness, while small micro fibers enhance the response prior or just after the cracking. Micro fibers also improve the pull out response of macro fibers, thus produce composites with high strength and toughness [9] . Mono fiber composites containing high modulus fibers normally show high ultimate strength, low strain capacity and small crack width properties [3] , while those containing low modulus fibers show low ultimate strength, high strain capacity and large crack width properties [10] . A hybrid composite, with proper volume ratio of high and low modulus fibers, can be expected to show simultaneous improvement in ultimate strength, strain capacity and crack width properties [7, 8] . In this study, efforts are being focused on the development of FRCC with strain hardening and multiple cracking behavior in bending using hybrid combinations of steel-PE (polyethylene) fibers containing 50% fly ash as partial replacement of cement. The effects of increase in fly ash contents (such as 60% and 70%) on the strain hardening behavior of hybrid steel-PE and steel-PVA fiber composites are also evaluated.
Materials and Mix Proportions
The cement used in this study was ordinary Portland cement which corresponds to ASTM type I. The fly ash was class F fly ash. The physical properties and chemical analysis of cement, fly ash and silica fume are given in Table 1 . Properties of steel, polyethylene (PE) and poly vinyl alcohol (PVA) fibers are shown in Table 2 . The mix proportions are given in Table 3 . 
Results and Discussions

Flexural Behavior of Hybrid Fiber Composites
The flexural stress versus midspan deflection curves of mono and hybrid fiber composites are shown in Figs. 2-3. The composite with 2.5% steel (ST) fibers shows high flexural strength but low deflection capacity. On the other hand, the composites with 2.5% PE or PVA fibers show lower flexural strength but higher deflection capacity that that of steel fiber composites. The highest flexural strength provided by composite with steel fiber is due to its high modulus. In contrast, the high deflection capacity provided by the composite with PE or PVA fiber is due to their low stiffness.
In case of hybrid fiber composites, the flexural stresses versus midspan deflection curves are found lay between those of steel and PVA or PE mono fiber systems (Figs. 2 and 3 ).
All hybrid fiber composites show increases in both first crack and ultimate strengths with increasing volume fraction of steel fibers. The flexural strength in hybrid fiber composites is found to be higher than that of the composite with PVA or PE fibers alone, while the deflection capacity is found to be higher than that of the composite with steel fibers alone. In this case, the steel fibers maintain their ability to increase the flexural strength of the composite due to their high stiffness and the PVA or PE fibers maintain their ability to increase the deflection capacity of the composite due to their low stiffness.
Flexural stress midspan deflection curves of hybrid fiber composites with different hybrid combinations of steel-PE and steel-PVA fibers are shown in Figs. 4-6. By looking into these figures, it can be noticed that steel-PVA hybrid composites showed higher flexural strength than that of steel-PE hybrid composites. Published experimental data suggests that PVA fiber has higher bond strength than that of PE fiber [22] [23] . For a crack-bridging fiber, the bridging stress is resisted by the interfacial bond stress (frictional bond as well as chemical bond) between the fiber and the matrix. Hence, the higher bond strength of PVA fibers than that of PE fibers resulted in higher flexural strength of steel-PVA hybrid composites observed in this experiment.
In every cases, steel-PE hybrid composites exhibited higher deflection capacity than those of steel-PVA hybrid system. Due to high tensile strength, PE fibers bridged the wide cracks without being ruptured resulted in high deflection capacity and low rate of strength loss after the peak load. On the other hand, the rate of strength loss in hybrid steel-PVA system was higher than steel-PE hybrid system. This is probably due to the low strength of PVA fiber.
Because as soon as the cracks widen the PVA fibers, which bridge the cracks, ruptured due to its higher bond strength and lower tensile strength than that of PE fiber resulted in higher rate of strength loss after the peak load. Table 4 , it appears that all hybrid fiber composites studied in this investigation meet the above criteria and can therefore be classified as strain-hardening composites. Evidence for the strain-hardening behavior in these materials can also be seen from the multiple cracking patterns shown in Fig. 7 .
Effect of high volume fly ash on strain-hardening behavior of hybrid composites
The effects of increase in fly ash contents beyond 50% i.e. 60% and 70% replacement of cement by fly ash on the strain hardening and multiple cracking behavior of hybrid steel-PVA and steel-PE fiber composites are evaluated in this study. The effect of no fly ash on the strain hardening and multiple cracking behavior of hybrid steel-PVA fiber composites is also evaluated in this study and are compared with those containing 50% fly ash. The flexural stress-midspan deflection curves for steel-PVA hybrid fiber composites with 50% fly ash and without fly ash are plotted in Fig. 8 and 9 , respectively. The inclusion of 50% fly ash as partial replacement of cement slightly reduces the flexural strength but greatly increases the midspan deflection at peak load of steel-PVA hybrid fiber composites (Figs. 10 and 11) . The multiple cracking is also enhanced by the inclusion of fly ash as can be seen by comparing Figs. 12 and 13. The inclusion of high volume fly ash in cement mortar increases the composite's porosity, this has been confirmed in the present study, where the porosity of hybrid steel-PVA fiber composites with 50% fly ash was found higher than that without fly ash as determined using the mercury intrusion porosimetery (MIP) (Fig. 14) . Increased porosity of PAN and glass fiber reinforced Table 4 ).
The effects of further increase in fly ash contents beyond 50%, such as 60% and 70%, on flexural strength and deflection capacities of hybrid steel-PE and steel-PVA composites are also evaluated (Figs. 15 and 16 ). With regard to the flexural strength of hybrid fiber composites no improvement in the flexural strength is observed when 60% and 70% fly ash was used rather a slight decrease in flexural strength can be seen in both steel-PVA and steel-PE hybrid composites (Figs. 10 and 15) . A similar trend can also be observed in case of deflection capacity at peak load (Figs. 11 and 16 ). Therefore, it suggests that the 50% replacement of cement by fly ash can be considered as an optimum content of fly as for use in hybrid fiber composites.
Conclusions
This paper presented the results of an experimental investigation on the strainhardening behavior of hybrid steel-PE fiber composites under four-point bending.
Comparison with hybrid steel-PVA fiber composites is also presented. Hybrid steel-PE fiber composites showed lower ultimate strength but higher deflection capacity at peak load than that of hybrid steel-PVA fiber composites. Strain-hardening behavior accompanied by multiple cracking was achieved in all hybrid steel-PE fiber composites in this study. Hybrid combination of 1.5% steel and 1.0% PVA exhibited best performance in terms of highest flexural strength, 0.5% steel and 2.0% PE exhibited highest deflection and energy absorption capacities. Rate of strength loss after peak load in hybrid steel-PE composites was found to be lower than that of steel-PVA hybrid composites. The 50% replacement of cement by fly ash is found to be an optimum fly ash content in hybrid fiber composites. 
